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Abstract
A novel interfacial structure consisting of long (up to 5 μm), thin (about 300 nm), highly-
ordered, free-standing, highly-reproducible aluminum oxide nanobottles and long tubular
nanocapsules attached to a rigid, thin (less than 1 μm) nanoporous anodic alumina membrane is
fabricated by simple, fast, catalyst-free, environmentally friendly voltage-pulse anodization. A
growth mechanism is proposed based on the formation of straight channels in alumina
membrane by anodization, followed by neck formation due to a sophisticated voltage control
during the process. This process can be used for the fabrication of alumina nanocontainers with
highly controllable geometrical size and volume, vitally important for various applications such
as material and energy storage, targeted drug and diagnostic agent delivery, controlled drug and
active agent release, gene and biomolecule reservoirs, micro-biologically protected platforms,
nano-bioreactors, tissue engineering and hydrogen storage.
S Online supplementary data available from stacks.iop.org/STAM/15/045004/mmedia
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1. Introduction
Nanosized hollow structures and systems have recently
attracted strong interest owing to their strong potential for
targeted drug and diagnostic agent delivery [1–3], materials
and energy storage [4, 5], antireﬂection coatings [6], gene and
biomolecule reservoirs [7, 8], tissue engineering [9], micro-
biologically protected platforms [10], micro-bioreactors [11],
for storage and controlled delivery of special chemical
reagents such as, e.g., glycerol [12], corrosion inhibitors
[13, 14], oxygen in aqueous media [15], guest molecules such
as sugar [16], as well as other applications which require
highly-functional nanosystems capable of storing bio- and
organic materials and controlling their release kinetics, reg-
ulating distribution and protecting the stored material from the
adverse affect of the environment. The biological and medical
applications are among the most important ﬁelds which
require highly controllable release of active agents to treat
cancer cells without damaging ambient tissues [17]. Indeed,
the drugs and active agents can be released from nano-
containers in response to changes in redox potential [18],
pH [10, 19], temperature [20], and light [21]. Moreover,
release of drugs and active agents is possible by fabricating
nano-containers with gatekeepers sensitive to enzymes asso-
ciated with a certain disease [22]. The rate of the material
release depends on the shape and geometrical characteristics
of nanocontainers, and also can be controlled by using
nanovalves and nanogates sensitive to certain factors [19, 23].
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The nanosized hollow systems are also very promising for
sophisticated control of the material storage and release. In
particular, the nanosized hollow hierarchical structures could
be very advantageous for hydrogen storage [24] and con-
trolled release [25] in energy-related applications.
Carbon-based nanostructures such as carbon nanotubes
[26–28], fullerenes [29], nano-pipettes [30] and nanotube-
based scaffolded structures (i.e. frame-like nano-morpholo-
gies with the internal hollow space) [31, 32] are among the
most promising hollow nanostructures. However, carbon-
based nanostructures may not be completely biocompatible
with some tissues, and may also degrade under the action of
certain active agents [33]. The hollow metal- and oxide-based
structures such as aluminum oxide (alumina) membranes
[34], metal-oxide nanobottles [35], and metal nanospheres
[36] are very stable in aggressive environments and also offer
new opportunities for applications.
The commonly used anodization process is a simple,
cheap and fast technique, but the tunability of the anodized
nanocontainers still remains a signiﬁcant challenge. Impor-
tantly, an integration of the fabricated nanostructures into the
device represents a major problem, since the nanocontainers
are produced either in the form of free-standing (unattached)
nanostructures by the templated fabrication [37], or are
embedded into a solid matrix [38]. The processes based on the
use of complex techniques such as plasma-enhanced chemical
vapour deposition to produce high-quality structure-con-
trollable patterns [39, 40] on top of the membrane are rela-
tively expensive and require sophisticated equipment. At the
same time, many applications require fabrication of large (up
to ≈1 cm2) arrays of the alumina nanocontainers with highly
tuneable geometrical sizes (length and container/neck dia-
meters), partially incorporated into a supporting platform.
Ideally, these nanocontainers should be (i) attached to
some bearing frame, and (ii) this frame should not interfere
with the efﬁcient use of the nanocontainers. In the ideal case,
the frame should be made of the same material as the
nanocontainers, and should be highly porous so not to pre-
vent the release of the material from the nanocontainers. As
an additional function, the porous frame should perform other
functions, e.g., additional protection of the stored material
from the microbial attack. Ultimately, all nanocontainers
should be attached to the frame during the fabrication pro-
cess, since assembly of many (up to 108 cm–2) nanocontainers
by any ‘one at a time’ technique would represent a tough
technical problem.
To date, alumina nanocontainers were fabricated only in
the form of internal cavities embedded in solid alumina, and
stand-alone nanocontainers were produced by depositing an
additional layer (e.g., carbon or oxides such as HfO2 and
SiO2) onto inner surfaces of the alumina nanobottles, fol-
lowed by complete alumina etching [5]. Here we report on
fabrication of a novel interfacial structure consisting of the
pattern of stand-alone alumina nanobottles and nanotubes
(nanocontainers) attached (pre-integrated) to the bearing
frame of highly porous aluminum oxide (Al2O3) membrane.
This nanocontainers-on-frame structure is produced in an
anodization/etching process and can then be easily incorpo-
rated into devices.
2. Experimental details
A schematic and photograph of the experimental setup are
shown in ﬁgures 1(a) and (b), respectively, and a scanning
electron microscopy (SEM) image of the typical nanobottles
is shown in ﬁgure 1(c). Round samples of 1 cm in diameter
made of high-purity aluminum foil (99.999%, 250 μm thick)
were used in all experiments. The fabrication process involves
only two anodization stages. At the ﬁrst stage, aluminum foil
was anodized in an electrochemical anodization cell [41, 42]
to form an upper nanoporous membrane and well-developed
nanobottle-shaped inner cavities. Phosphoric acid (0.4 M
H3PO4) was used as electrolyte for the ﬁrst anodization pro-
cess. During the entire anodization process, electrolyte tem-
perature was 0 °C with an error not exceeding 0.25 °C
(automatic water chiller LAUDA Alpha RA8 was used to
maintain the temperature within the range with the preset
error). The red and green arrows in ﬁgure 1(a) denote supply
and exit of cooling water to/out of the electrochemical ano-
dization cell. Besides, an electromagnetic stirrer SCILOGEX
MS-H-Pro+ was used to stir the electrolyte during the ano-
dization process, with a view to maintaining uniform dis-
tributions of temperature and chemical concentration in the
electrolyte.
The dependences of the voltage and current on time for
the ﬁrst anodization step are shown in ﬁgures 2(a) and (b). We
have used a three-pulse signal, which resulted in the forma-
tion of a 1 μm upper membrane of nanoporous alumina and
nanobottle-shaped cavities embedded in solid alumina
(ﬁgures 2(c) and (d)). Importantly, during the ﬁrst anodization
stage, the voltages were increased linearly with the rates of
0.375 V× s-1 for the ﬁrst and third pulses, and 0.75 V× s-1 for
the second pulse (ﬁgures 2(a) and (b)). The ﬁrst and second
voltage pulses were switched off after sudden current rises to
25 and 50 mA, respectively (a stable process current at these
stages was about 10 mA). During the third pulse, the voltage
rise was stopped after a very sharp current rise to 500 mA,
and then the voltage was ﬁxed at 180 V for 400 s. During this
constant-voltage stage, several current spikes reaching
300–500 mA were noticed. The whole duration of the ﬁrst
stage was 22 min. All voltages were the optimum values for
the formation of speciﬁc alumina morphologies, as described
below.
Speciﬁcally, as the further examinations have shown, a
nanoporous membrane was formed on the top of aluminum
foil during the ﬁrst (80 V) voltage pulse. Note that pores of
100–150 nm in diameter were formed due to a relatively low
voltage applied and the current was maintained in the
5–10 mA range. The ﬁrst current spike at 200 s was due to
electrical contact between some channels and hence, increase
in the alumina surface area. The sample was cooled for 3 s in
the electrolyte before the second pulse application.
The second voltage pulse was used to form the branched
expanding channels in the membrane (necks of the
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nanobottles). The pulse started from a relatively high (40 V)
point to set the previous voltage level, and quickly rose to
120 V. As a result, the necks and upper parts of the nano-
bottles were formed due to the increased anodization voltage
applied. The sample was cooled again after the second vol-
tage pulse. The third (high-voltage) pulse was used to form
the expanded channels and ﬁnally the alumina walls of long
nanobottle cavities with the resultant diameter reaching
250–300 nm. Note that a lower voltage rise rate was used at
this pulse to avoid current surges. Due to the above-described
scheme of voltage application, nanobottle structures were
formed with a typical shape shown in ﬁgure 1(c). Figure 2(d)
shows a SEM image of the structure after removal of the
upper nanoporous alumina membrane. From this image one
can see that the nanobottle necks are hexagonally arranged
and have diameters of about 100 nm.
The second anodization was the process to form free-
standing nanobottles attached to the nanoporous membrane. It
was started by smoothly raising a voltage to 180 V (several
constant-voltage steps were made to keep the current in the
limits of 10–20 mA), and then the stable 180 V was held for
1.5 h (see ﬁgures 2(e) and (f)). During this step, the phos-
phoric acid penetrated under the upper nanoporous mem-
brane, and etched the solid aluminum between the walls of
nanobottles formed by a thin alumina layer (note that solid
aluminum is etched at these conditions much faster than
alumina walls of nanobottles). As a result, all aluminum was
etched away, and the stand-alone alumina nanobottles
Figure 1. Experimental setup: (a) schematic and (b) photograph. (c) Representative SEM image of the free-standing cluster of alumina
nanobottles after etching in phosphoric acid. The scale bar is 500 nm.
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Figure 2. (a), (b) Time dependences of voltage and current for the ﬁrst anodization step. (c) Schematic of the structure fabricated after the
ﬁrst anodization step, and (d) SEM image of the open nanobottle necks removal of the upper porous alumina membrane. Scale bar is
500 nm. (e), (f) Time dependences of voltage and current for the second anodization step. (g) Three-dimensional visualization of the
fabricated structure.
Figure 3. SEM images of the nanobottle + nanoporous membrane structure. Scale bars are 1 μm for all panels. (a) Low-resolution SEM image
illustrating a large number of free-standing alumina nanobottles after removal of the upper membrane. The nanobottles have approximately
the same size and shape, they touch each other by side walls, and no other material except for the nanobottles is present. (b) SEM image of
the long nanobottles attached to a thin (0.5–1.0 μm) alumina membrane, side view. (c), (d) High-magniﬁcation SEM images. (d) Shows
nanopores in the upper membrane and nanobottle necks connected to these nanopores. (e), (f) High-magniﬁcation SEM images showing very
thin necks of the nanobottles.
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attached to the upper nanoporous membrane were formed (a
three-dimensional visualization of the fabricated structure is
shown in ﬁgure 2(g)). The fabricated nanobottles were char-
acterized using a ﬁeld-emission scanning electron microscope
(FE-SEM, type Zeiss Auriga), equipped with an InLens sec-
ondary electron detector and operated at an electron beam
energy in the range 1–5 keV. The transmission electron
microscope (type JEOL 2100) was operated at an electron
beam energy of 200 keV. Micro-Raman spectroscopy was
conducted using a Renishaw inVia spectrometer with laser
excitations of 514 and 633 nm at a spot size of ∼1 μm2.
Raman spectra from multiple spots were collected to obtain
the average statistic analysis of the samples.
3. Results and discussion
Importantly, this system consists of alumina only, in contrast
to other techniques which require deposition of other material
(e.g., carbon) onto inner surfaces of the nanobottles [5].
Besides, all nanobottles are attached to the nanoporous
membrane by their necks. Figure 3 shows results of the SEM
examination of the fabricated structures.
Figure 3(a) is a low-resolution SEM image illustrating a
large number of free-standing alumina nanobottles after
removal of the upper membrane. It is clearly seen from this
image that all nanobottles have approximately the same size
and shape, they touch each other by side walls, and no other
material except for the nanobottles is present. An estimated
volume of a single nanobottle is of the order of 100 nano-
litres (10−7 l).
Figure 3(b) shows SEM image of the side view of the
nanobottles reaching 10–15 μm in length and 500 nm in dia-
meter, attached to a thin (0.5–1.0 μm) upper nanoporous
alumina membrane. Some nanobottles are branched.
Figures 3(b) and (c) show the upper side of the hybrid
nanobottle-membrane structure. A highly-porous surface of
the upper alumina membrane can be seen in ﬁgure 3(c).
Figure 3(d) is a high-resolution SEM image of the nanobottles
attached to the upper membrane. From this image one can see
that the pores of the upper membrane are connected to the
necks of the nanobottles. Moreover, one can see that some
pores of the membrane open into the inner side of the
structure. Very narrow necks not exceeding 30 nm are shown
in ﬁgures 3(d)–(f) and highlighted by red circles. We also
point out that while the nanobottles are separated from the
upper membrane on the broken sample edges (ﬁgure 3(c)),
they are actually attached to the membrane in the intact
samples as can be noted in ﬁgures 3(e) and (f). In these
images (cut carefully not to detach the bottles), one can see
the nanobottles attached to the membrane by their thin necks.
More SEM images that demonstrate the nanobottle shapes
and structure of the upper alumina membrane can be found in
the supplementary data.
On some parts of the processed samples (speciﬁcally, at the
sides) the nanobottles of slightly different shape were found.
Such nanobottles (they can be called nanotubes) have higher
length-to-diameter ratios with the diameter not exceeding
200 nm and the length reaching 5 μm. Besides, as it can be seen
in ﬁgure 4, the nanotubes have relatively thick walls reaching 1/
3 of the diameter (whereas the nanobottles have thinner walls,
see ﬁgure 1 and ﬁgure S1 in the supplementary data, available
at stacks.iop.org/STAM/15/045004/mmedia. Moreover, the
nanotubes are nearly straight and do not show many branches.
We suppose that the nanotubes were formed in the sample areas
with a lower current density [33].
To better characterize the fabricated structures, we have
performed transmission electron microscopy (TEM), Raman,
and x-ray photoelectron spectroscopy (XPS) analyses.
Figure 5(a) is a TEM image of the typical nanobottles having
diameters of about 150 nm. This image clearly shows that the
bottles are hollow structures with the wall thickness not
exceeding 30–40 nm.
Figure 5(b) is a typical Raman spectrum of the amor-
phous alumina structure. Figure 5(c) is a high-resolution TEM
(HRTEM) image showing the amorphous alumina structure
of the nanobottle top. The wall thickness is in the range of
32–40 nm. Figure S2 in the supplementary data shows TEM
images of the nanobottles with different shapes and aspect
ratios.
The XPS data of ﬁgures 5(d) and (e) show the presence
of aluminum, oxygen, and a small amount of phosphorus in
the fabricated nanobottles. More XPS results characterizing
the composition of nanobottles can be found in the supple-
mentary data ﬁle, available at stacks.iop.org/STAM/15/
045004/mmedia.
Figure 4. SEM images of thin nanotubes (long tubular nanocap-
sules). Such nanotubes demonstrate a high length-to-diameter ratio
with the diameter not exceeding 200 nm. Scale bars are 2 μm.
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Figure 5. TEM, Raman and XPS characterization of the alumina nanobottles. (a) TEM images of the nanobottles; the thickness of nanobottle
walls is 30–40 nm. (b) Raman characterization of the fabricated nanobottles demonstrating a typical spectrum of the amorphous alumina.
(c) High-resolution TEM image shows amorphous alumina structure of the nanobottle top. (d), (e) XPS spectra showing the presence of
aluminum, oxygen, and a very small amount of phosphorus.
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4. Conclusions
We have demonstrated that complex nanosized hollow
structures consisting of long (up to 5 μm), thin (about 300 nm)
alumina nanobottles attached to the rigid, thin (less than
1 μm) nanoporous alumina membrane can be fabricated in a
single, simple, fast, catalyst-free, environmentally friendly
anodization process. These structures can be used for various
applications ranging from targeted drug delivery to material
storage.
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